The effect of short-term water stress on photosynthesis of two sunflower hybrids (Helianthus annuus L. cv Sungro-380 and cv , differing in productivity under field conditions, was measured. The rate of CO2 assimilation of young, mature leaves of SH-3622 under well-watered conditions was approximately 30% greater than that of Sungro-380 in bright light and elevated C02; the carboxylation efficiency was also larger. Growth at large photon flux increased assimilation rates of both hybrids. The changes in leaf composition, including cell numbers and sizes, chlorophyll content, and amounts of total soluble and ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) protein, and in Rubisco activity and amount of ribulose-1,5-bisphosphate (RuBP) were determined to assess the factors regulating the differences in assimilation of the hybrids at high and low water potentials. Photosynthetic CO2 assimilation per unit area of leaf surface depends on the capacity of the plant's photosynthetic mechanism and on those environmental factors, such as CO2 supply and radiation, which are the substrates for the process, and on those conditions (e.g. temperature and water supply) that affect the mechanism. The rate of photosynthesis, in combination with the leaf area, determines plant productivity (2, 10, 11, 18 CO2 fixation than C3 plants in bright light and high temperatures, and the biochemical and physiological origins of this are well established (19). However, although there are differences in assimilation rate between species within the C3 and C4 groups, differences between closely related plants are less well established. Also, the causes of differences and how they relate to the characteristics of the photosynthetic mechanism between species and varieties are poorly understood (19, 21, 28) .
Sungro. Differences between hybrids and their response to water stress is discussed in relation to control of RuBP regeneration.
Photosynthetic CO2 assimilation per unit area of leaf surface depends on the capacity of the plant's photosynthetic mechanism and on those environmental factors, such as CO2 supply and radiation, which are the substrates for the process, and on those conditions (e.g. temperature and water supply) that affect the mechanism. The rate of photosynthesis, in combination with the leaf area, determines plant productivity (2, 10, 11, 18) . Plants differ in their genetic potential for assimilation, e.g. C4 plants generally have a greater rate of CO2 fixation than C3 plants in bright light and high temperatures, and the biochemical and physiological origins of this are well established (19) . However, although there are differences in assimilation rate between species within the C3 and C4 groups, differences between closely related plants are less well established. Also, the causes of differences and how they relate to the characteristics of the photosynthetic mechanism between species and varieties are poorly understood (19, 21, 28) .
Genetic variation in rates of photosynthesis per unit leaf area (Pn2) has been reported for cultivars of some crop species (2, 9, 12) . Possible causes of the differences in Pn between genotypes are variations in amounts or activities of specific proteins, pigments, etc. and differences in leaf structure, cell size, or stomatal frequency. Small but consistent differences in assimilation were detected between hexaploid wheats under well-watered field conditions (9) , but such differences between other wheat genotypes were attributed to ploidy (2) . Substantial differences (up to 35%) have been reported between cultivars of field bean (13) and in pea (21) , the latter attributed to variation in Chl content. Assimilation rates were best correlated with the ratio of cell surface area to leaf surface area (19) , in analyses of 112 C3 and 6 C4 species. The correlations among cell size, ploidy, and assimilation rates (22) and also the effects of nutrition on the relationship (18) makes the analysis complex. Variation in Pn has also been attributed to the amounts and activities of Rubisco. Both the amount and the activity of Rubisco can limit photosynthesis in C3 plants (11, 18, 22, 26, 28, 29) . Genetic variability in Rubisco content related to ploidy has been demonstrated (22) , as has specific activity of the protein between C3 and C4 plants, although less within the groups (23) . However, there is uncertainty about the importance of RuBP regeneration compared to Rubisco amount and activity (28, 29) .
Assimilation also varies in response to environment. In this respect, productivity of plants is greatly decreased by water deficiency in most parts of the world and much emphasis is given to improving the drought tolerance of varieties (2) . However, the effect of water stress on the mechanisms of CO2 assimilation (3-5, 16, 19, 25) has not been analyzed in sufficient detail, in genotypes differing in assimilation capacity, to show how the photosynthetic mechanism may be modified to improve assimilation under water stress (9, 16, 21, 25, 26) . The main limitation to assimilation under water stress is suggested as inhibition of photophosphorylation which decreases RuBP regeneration rather than the enzymatic or light reactions (4, 5, 16) , but varietal responses have not been examined. Other studies (7, 25) suggest that the diffusion resistance offered to CO2 by closure and "patchiness" of stomata is responsible for the decrease in photosynthesis caused by water stress.
In this paper we report differences in the maximum rates of Pn between sunflower (Helianthus annuus L.) cv SH and cv Sungro, with contrasted dry matter production under field conditions in southern Spain (C. Gimenez and E. Fererres, unpublished observations). The causes of the differences are related to cell numbers and sizes, to content of pigments and proteins, particularly Rubisco amounts and activity, and to RuBP content. Changes in Pn caused by short-term water deficits in the two genotypes are related to these features of metabolism and to cell composition. Rates of Pn of both sunflower hybrids were measured on the fifth and sixth leaves within 1 week of full expansion.
MATERIALS AND METHODS
Measurements were made with chambers placed on 5.7 cm2 of the lamina approximately 5 cm from the tip and 2 cm from the margin using a six-chamber open-circuit gas exchange with automatic data collection and analysis (18) . Chambers had forced ventilation, and the temperatures were regulated to maintain the leaves at 20 ± 1°C (8) (1) . Cell numbers were counted using a Coulter Counter (Coulter Electronics Ltd., Luton, U.K.) after separation of the cells with chromium trioxide (18) . Cell volume was calculated from the fresh mass of the tissue and the cell number.
Determination of Protein and Rubisco Amount and Activity
Tsp was extracted in Bicine buffer (50 mM Bicine, 20 mM MgCl2, pH 7.8) and determined (6) with BSA as standard. The amount of Rubisco protein was measured by PAGE of the native protein and identified and quantitated by comparison with standard sunflower and wheat Rubisco protein by staining with Coomassie brilliant blue in isopropanol-acetic acid-water, removing the bands followed by extracting in 1% SDS and spectroscopic determination (18, 23) .
The activity of Rubisco was measured on the areas of leaf used to measure photosynthesis. When Pn was constant at the maximal rate at the end of the determination of the CO2 response, the leaf area in the chamber was frozen to -20°C within 0.1 s by freeze clamping (17, 25) . The Rubisco activity was determined by measuring the incorporation of '4CO2 into acid-insoluble material as described in ref. 20 and modified as described in ref. 18 . Briefly, the leafwas ground to a powder in liquid nitrogen, followed by further grinding in buffer until thawed for an additional 30 s. Aliquots of the extract were assayed in duplicate at 25C in a stirred oxygen electrode chamber (Hansatech Ltd., King's Lynn, U.K.), and '4CO2 incorporation was allowed to proceed for 30 s, after which the reaction was stopped by addition offormic acid. The assay mixture was dried overnight at 80C and "4C determined by scintillation counting (Kontron, Munchenstein, Switzerland). The activation ofthe enzymes in the crude extract was allowed to proceed for 3 min at 25C in the assay mixture, and the reaction was started by the addition of RuBP substrate. The reaction was allowed to continue for 30 s before addition of acid. The amount of RuBP was measured on the same tissue used for Pn determinations after freeze clamping and extraction in 2 cm3 of 5% (v/v) perchloric acid, by measuring incorporation of 14C02 from the assay medium into acidinsoluble material. The action was catalyzed by activated Rubisco using the assay medium used for the enzyme activity but without RuBP (20) .
Measurement of C02 Fluxes over Leaf Surface
The variation in the flux of CO2 over the area of the leaf was determined by measuring the distribution of 14C02 across the area of leaf used for measurements of assimilation and, thus, to assess the variation in stomatal opening ("stomatal patchiness"). Leaves similar to those used for measurements of photosynthesis and biochemical components were used. Their photosynthesis was measured in 38 Pa C02, 21 kPa 02, and 1200 ,umol PAR m-2 s-' in the freeze clamp system.
When steady-state rates were achieved, g8 and Pn were measured, and immediately gas containing 38 Pa CO2 (specific radioactivity 10.1 kBq ,umol-') CO2 was passed over the leaf for 30 s. Leaves were immediately freeze clamped and the pieces transferred, while fully frozen, to X-ray film (Fuji Film, London, U.K.) and clamped firmly to ensure good contact for autoradioagraphy. Exposure was at -1 8C in darkness for approximately 2 weeks. The autoradiographs were scanned with a Joyce-Loebel scanning spectrophotometer at 80 ,um resolution over several tracks the length ofthe freeze-clamped sample to determine the variation in film density. The total 14C uptake by the leaf was obtained by combustion of leaf samples (Tricarb oxidiser 306, Packard, Caversham, U.K.). A report of the method and its application is in preparation.
Observations of the distribution of stomatal aperture over the leaf surface was also made using a solvent infiltration method (27) that integrates the effects of differences in stomatal characteristics (primarily aperture) over small areas of the leaf. Leaf discs (1 cm diameter) were punched from the leaf under similar light and CO2 conditions used to measure gas exchange. The discs were agitated for 3 s in solutions of (a) 95% ethanol with waxolin blue dye (least penetrating), (b) absolute ethanol, (c) 4 Bars on points are ± SE of three replicates; values against curves are mean leaf 'p for each hybrid and stress interaction.
respectively, 55 d after sowing. The Pn of severely stressed leaves of Sungro and SH (at -2.7 MPa) were 12 and 10% of the control values; the varietal differences were not significant. The response of the hybrids to radiation is shown in Figure  lb . In darkness, rates of respiration were approximately 1 ,umol m-2 s-I and were not significantly different between hybrids; neither was the initial slope of the light response curves, i.e. the apparent quantum yields, although that of SH was greater than Sungro. At irradiances >700 umol m-2 s-', Pn of SH exceeded that of Sungro; photosynthesis of SH was not saturated at 1500 ,umol m-2 s', whereas that of Sungro was. Thus, under well-watered conditions, SH had a substantially greater capacity for CO2 assimilation than Sungro. Figure 2 , a and b, shows the rate of CO2 assimilation as a function of i for two experiments. As shown previously, SH had a greater rate of Pn than Sungro in well-watered conditions and under water stress in one of the experiments (Fig.  2b) . In both hybrids, the Pma decreased linearly with decreasing ,. The substantially greater Pmax over the range of 41 in the first, compared to the second experiment, may be related to the much brighter conditions during growth of the plants in the first experiment. Normalized to Pmax, assimilation decreased curvilinearly with #' (Fig. 2c) . The substantially larger Pmax of well-watered plants of SH compared with Sungro decreased as t decreased; below -1.7 MPa the response was similar for both hybrids (Fig. 2, a and c) .
Differences in assimilation between hybrids were not related to their g., determined for the whole leaf sample, which were not statistically different over the range of 0. g. of both hybrids was very small (0.04 mol m-2 s-') below -1.2 MPa (Fig. 3a) . The greater photosynthetic capacity of SH than Sungro at all but the smallest g& is also emphasized in Figure   3b . Autoradiography of leaf pieces treated in the same way as those used for Pn measurements, but exposed to 14CO2 (Fig.  4a) , show that there is only a small variation in the distribution of radioactivity across the surface, with resolution of between 1 and 0.1 mm which allows minor veins, glands, and hair bases to be distinguished. The analysis of film density by chromatographic scanner (Fig. 4b) (0.01 mol m-2 s-') was estimated to be about 50%. Irregularities of contact between leaf and film and differences in the thickness of material absorbing 14C ,B-emissions may also contribute to the variation. Visual examination of the penetration of solutions into leaves suggested that in well-watered leaves the stomatal pores were open uniformly over the leaf surface. With stress, more penetrating solvents were required to enter the leaf, but generally solutions entered uniformly, as expected if localized stomatal closure did not occur. This, together with the analysis of variation in rates of Pn and g6 by '4CO2 feeding, strongly suggests that irregular spatial variation in stomatal opening is not responsible for the observed differences in the relation between Pn and Ci.
The carboxylation efficiency was greater in young leaves of SH than Sungro; it decreased substantially (Fig. 5) with decreasing similarly in leaves of both hybrids. However, in leaves >18 d after full expansion, there were differences in carboxylation efficiency related to the onset of senescence, although the effect of stress was still apparent (data not shown). significant difference between the hybrids. Water stress did not affect the proportion. The initial activity of Rubisco was not significantly different, nor was there an effect of 1. The activity of Rubisco extracted from both varieties did not increase with incubation with CO2 and Mg2+ in the assay medium. The fully activated specific activity of Rubisco was 0.017 ± 0.005 and 0.014 ± 0.004 Mmol CO2 (mg Rubisco protein)-' s-' in Sungro and SH, respectively. There was no difference in the initial activation state of the enzyme in the two varieties; it averaged 108% in Sungro and 97% in SH (Fig. 6) ; nor did AJ have an affect on initial or total activity in either variety. Preliminary tests showed that activation for up to 10 min did not increase the measured activity significantly, but thereafter activity decreased slowly, despite the presence of a protease inhibitor. The amount of RuBP extracted from the tissues under comparable Ci (25 to 28 Pa, data not shown) and quantum flux was significantly greater in unstressed leaves of SH compared with Sungro (Fig. 7) . It decreased by 65% in SH and 44% in Sungro as ,6 decreased from -0.6 to -1.6 MPa so that there was no difference in the amount of RuBP in stressed leaves. The decrease in Pn with decreasing RuBP was sigmoidal, with SH having more RuBP than Sungro at the highest rates of assimilation (Fig. 8) .
Cell Numbers and Sizes
The number of cells per unit area and per unit dry mass of leaf was significantly greater in SH than in Sungro (Table I) . Fully turgid cells of Sungro were substantially larger than those of SH (Fig. 9) . Cell volume decreased with decreasing A, slightly more in Sungro than in SH; comparing -0.6 with -2.0 MPa, Sungro cells decreased in volume by 45 compared with 37% in SH. The osmotic potential decreased from 
DISCUSSION
Under the experimental conditions and without water stress, fully expanded leaves of SH had greater rates of Pn than Sungro at saturating CO2 and large photon flux (Fig. 1) . Also, the carboxylation efficiency of SH was greater than that of Sungro. Therefore, factors related to the ability ofthe tissue to absorb CO2 and also in the capacity ofthe CO2 assimilation system must differ between the hybrids (28, 29) . The cause of the difference in Pn is to be sought in the tissue composition and structure which also determine the response of the plant to water deficits. There was no indication that the gross amounts of Chl, the Chl a/b ratio, or the amount oftsp could account for the greater rate of CO2-saturated Pn in SH compared with Sungro. Also, the ratio of Rubisco protein to tsp was constant, within the errors, and the amount of total extracted activity of Rubisco was the same in the two hybrids. Differences between the hybrids could be caused by different activation states, but comparison of Rubisco activity immediately after extraction and following activation showed that Rubisco was not differentially activated in the two genotypes. Calculation of the specific activity of the extracted Rubisco gave Sungro an activity of 0.017 ± 0.005 and SH 0.014 ± 0.004 ,umol CO2 mg Rubisco protein-' s-' (cf ref. 18 ), suggesting that the activity was not responsible for differences in CO2 assimilation. Thus, the differences must lie in other parts of the photosynthetic carbon reduction cycle, e.g. in its links to the energy-transducing system ofthe thylakoids or in export ofproducts from the chloroplasts (5, 16) . The differences may occur in the amounts or activities of carbon cycle enzymes other than Rubisco, involving feedback regulation via prod- ucts of the reactions, energy status of the thylakoids, etc. (26, 28, 29) , which may be reflected in the pool sizes of RuBP in the hybrids.
The measurements showing that SH had considerably more RuBP per m2 ofleafthan Sungro at Ci approaching saturation (approximately 28 Pa) are important, because large RuBP pool size may be expected to support a faster rate of CO2 assimilation. This observation implies that faster rates of synthesis of RuBP or the ability to maintain large stromal concentrations of RuBP are major factors determining the difference in ability of related plants to support greater CO2 assimilation (5, 26, 28, 29) . A decrease in RuBP from the maximum observed in SH to that found in Sungro (32%) is related to a 20% loss in assimilation capacity. At large Pn, SH has more RuBP (per unit of Pn and of Rubisco) than Sungro (Fig. 8) . This would allow the enzyme in SH to operate with a larger ratio of substrate than in Sungro.
The concentration of Rubisco enzyme sites in the chloroplast stroma was calculated, assuming that Rubisco has a molecular mass of 550,000 g mol' and eight substrate-binding sites per mol of enzyme protein, and that the volume of the chloroplast stroma is 1.2 x 10-5 m3 m-2 leaf area (1 1 (Fig. la) and in other studies (3, 15, 16, 25) . Visual and semiquantitative examination of the uptake of '4CO2 by leaves of the sunflower varieties with different 4 showed that the distribution ofradioactivity within the mesophyll was rather uniform (Fig. 4) , even at resolution as small as 0.1 mm, clearly not as great as expected if some areas of the leaf had large gs and others had closed stomata, in contrast to the effects of mild water stress on bean (25) . Thus, patchy stomatal closure is not considered responsible for the reduction of Pn or of the altered relation to Ci.
In water-stressed leaves of both hybrids of sunflower, the primary site of limitation of Pn seems related to RuBP content, not to the amount of Chl, tsp, or Rubisco protein, because these changed little over the 4 to 6 d of stress, nor in the activation state of Rubisco or its specific activity, similar to the response of Rubisco in mildly stressed bean leaves (25; see also refs. 27, 28) . A minimum concentration of RuBP of approximately 50 ,umol m-2 corresponds to a 4' of about - 1.6 MPa and to a 27% decrease in cell volume for both genotypes, similar to the changes that affect Pn substantially in isolated cells (14) . The RuBP concentration was approximately 4 mol -3 i.e. 1 mol RuBP per mol sites at very small Pn. Evidently, RuBP content is closely related to the rate of Pn, and RuBP regeneration is the most likely site of inhibition by decreased 4 or osmotic potential; under water stress, RuBP synthesis probably depends on the rate of supply of ATP to the photosynthetic carbon reduction cycle (3, 4, 5, 16) . Chloroplastcoupling factor was inhibited (5) 
